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ABSTRACT Using serotyping, multilocus sequence typing, and whole-genome se-
quencing (WGS) of selected strains, we studied the population structure of 102
group B Streptococcus (GBS) isolates prospectively sampled in 2014 from vaginal/
rectal swabs of healthy pregnant women in metropolitan Toronto, Canada. We
also determined the susceptibilities of each of the colonizing isolates to penicil-
lin, erythromycin, clindamycin, tetracycline, and other antimicrobial agents. Overall,
we observed a high rate of tetracycline resistance (89%) among colonizing GBS iso-
lates. We found resistance to erythromycin in 36% of the strains, and 33% were con-
stitutively or inducibly resistant to clindamycin. The most frequently identified sero-
types were III (25%), Ia (23%), and V (19%). Serotype IV accounted for 6% of the
colonizing isolates, a rate consistent with that observed among patients with inva-
sive GBS infections in metropolitan Toronto. The majority of serotype IV isolates be-
longed to sequence type (ST)459, a tetracycline-, erythromycin-, and clindamycin-
resistant ST first identified in Minnesota, which is considered to be the main driver
of serotype IV GBS expansion in North America. WGS revealed that ST459 isolates
from Canada are clonally related to colonizing and invasive ST459 organisms circu-
lating in regions of the United States. We also used WGS to study recombination in
selected colonizing strains from metropolitan Toronto, which revealed multiple epi-
sodes of capsular switching. Present and future circulating GBS organisms and their
genetic diversity may influence GBS vaccine development.
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Group B Streptococcus (GBS) is a leading cause of neonatal sepsis and meningitis and
an agent of invasive infections in pregnant and nonpregnant adults (1, 2). GBS

strains can be divided into 10 distinct serotypes (Ia, Ib, and II to IX) based on a
serological reaction directed against the polysaccharide capsule (3, 4) or as determined
by a multiplex PCR assay (5). Multilocus sequence typing (MLST) is also used to classify
GBS strains. There are more than 750 MLST sequence types (STs), although most human
isolates cluster into six major clonal complexes (CCs) (6). Results from several studies
have shown that some serotypes and/or STs are associated with specific disease
phenotypes (7, 8). For example, serotype Ia strains belonging to ST23 and ST24, as well
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as ST17 serotype III strains, may have enhanced potential to cause early onset disease
(EOD; onset of GBS disease from birth to 6 days old) (9, 10). Similarly, late onset disease
(LOD; the onset of GBS disease in infants aged 7 to 89 days) is strongly associated with
meningitis-prone ST17 serotype III strains (9, 11, 12).

GBS strains colonize the gastrointestinal and genital tracts of 10 to 30% of healthy
humans (13–16). In many countries, including Canada and the United States, the
screening of pregnant women for GBS colonization at 35 to 37 weeks gestation and
intrapartum antibiotic prophylaxis (IAP) for colonized women have substantially re-
duced the burden of EOD (17, 18). Penicillin is the recommended antibiotic for IAP,
although clindamycin or vancomycin may be used in patients with �-lactam allergies
who are at risk for anaphylaxis (19). Erythromycin was previously recommended as an
alternative antibiotic for women at high risk for anaphylaxis. However, current US and
Canadian guidelines no longer recommend erythromycin due to an observed increase
in macrolide resistance in GBS (19, 20). Increasing resistance to clindamycin has also
been reported among colonizing and invasive GBS isolates (20–22). The most recent
characterization of erythromycin and clindamycin resistance among colonizing isolates
from metropolitan Toronto was published more than 15 years ago (22).

Maternal antibodies against type-specific GBS capsular polysaccharides appear to be
protective (23), and immunizing pregnant women using polysaccharide conjugate
vaccine formulations promises to further reduce the burden of GBS neonatal dis-
ease (24). Clinical trials have recently begun for a trivalent (serotypes Ia, Ib, and III)
vaccine formulation (25, 26). However, vaccine effectiveness may be limited if non-
vaccine serotypes predominate among colonizing GBS isolates. For example, earlier
reports from Minnesota described the isolation of serotype IV GBS strains belonging to
different STs among isolates of both colonizing and neonatal invasive GBS in the United
States (27, 28). We and others recently described an increase in the frequency of
isolation of serotype IV strains among invasive GBS infections in Canada (29–31). In
addition, as exemplified by polyvalent conjugate pneumococcal vaccination schemes
(32), vaccinating with the GBS trivalent formulation may select for vaccine escape
recombinants through capsular switching. Thus, a detailed understanding of the cir-
culating population of GBS colonizing strains is important to foresee the potential
effects of vaccine introduction in a defined geographical area.

Here, we report high rates of antibiotic resistance and many examples of capsular
switching among colonizing GBS isolates recovered from pregnant women in metro-
politan Toronto, Canada. We also report a relatively high (6%) frequency of non-vaccine
serotype IV isolates and show that they belonged, for the most part, to ST459. Using
whole-genome sequencing (WGS) and an extended collection of colonizing and inva-
sive serotype IV ST459 organisms from the United States, we report that ST459 strains
circulating in areas of both countries are members of a highly clonal tetracycline-,
clindamycin-, and erythromycin-resistant group of organisms.

RESULTS
Serotype and MLST distribution of colonizing isolates from metropolitan To-

ronto. Most of the 102 colonizing GBS isolates from metropolitan Toronto were
serotype III, Ia, or V (25%, 23%, and 19%, respectively) (Fig. 1). The next most common
serotypes were serotypes II (13%) and Ib (9%). Five isolates were typed as serotype IV
(5%), and we identified a single serotype VI isolate (1%). We did not find isolates of
serotypes VII, VIII, or IX in the sample. We assigned six strains that were nontypeable
by serological methods (probably because they do not express capsules) to sero-
types Ia, Ib, IV, and V using a capsular-typing PCR scheme (see Table S1 in the
supplemental material). Using WGS, we identified mutations predicted to result in
abolishment of capsule expression in one or more genes of the cps locus of each of
the six NT strains, including multiple instances of point mutations and short
insertions/deletions (see Table S3). We next investigated the genetic diversity of the
colonizing GBS isolates using MLST. The colonizing isolates belonged to 23 different STs
that grouped into the six major human CCs that Da Cunha et al. recently identified as
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predominant among human GBS infections (6). The most frequently identified ST was
ST1, which was particularly associated with serotype V strains. The next most common
ST was ST23, which was found exclusively among serotype Ia strains. ST8 and ST12 were
the most common STs among serotype Ib strains. Among serotype II strains, ST22 and
ST28 predominated. Of the 26 serotype III colonizing isolates in our collection, 15 (58%)
were ST17 (see Table S1). All colonizing ST17 strains possessed the hvgA gene, encod-
ing the surface protein HvgA, a major virulence factor thought to be key for the
development of meningitis in neonates. We screened for hvgA among samples of
invasive GBS causing LOD in metropolitan Toronto between 2009 and 2014 and found
that 89% of the serotype III strains (70/79) were hvgA positive (our unpublished data).
Among our collection of colonizing isolates, 58% of the serotype III strains (15/26) were
hvgA positive. Thus, the rate of hvgA-positive serotype III isolates was significantly lower
among colonizing isolates than among isolates causing invasive disease in neonates
(P � 0.0014, chi-square test). All but one of the remaining serotype III colonizing
isolates belonged to ST19 or STs grouped in CC19 (Fig. 1).

Serotype IV colonizing isolates from metropolitan Toronto are mainly ST459
strains clonally related to colonizing and invasive ST459 organisms circulating in
several regions of the United States. Among our colonizing GBS isolates, serotyping
identified five serotype IV strains, and one additional serotype IV strain was identified
by PCR typing (total of 6/102 [6%]). Four of the serotype IV colonizing strains belonged
to ST459, one belonged to the closely related ST196, and one belonged to ST452 (see
Table S1). This ST distribution parallels the results for invasive serotype IV GBS reported
in Toronto and elsewhere in Canada (29, 30). To understand the genetic relationship
between colonizing and invasive ST459 strains circulating in Canada and the United
States, we sequenced the genomes of all four colonizing serotype IV ST459 strains in
our collection. We had previously analyzed the genomes of 96 invasive ST459 strains
from Canada and Europe and identified a highly clonal population structure (1,563
unique nonredundant single nucleotide polymorphism [SNP] loci among all 96 invasive
ST459 strains) (29). To compare our colonizing strains, we chose 18 genomes from this
previous data set based on temporal and geographical matching (see Table S4). We also
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FIG 1 Serotype and MLST distribution of colonizing group B Streptococcus isolates from metropolitan
Toronto. Bars indicate the numbers of isolates per serotype in the collection of 102 isolates. Labels within
the bars indicate the ST, and the colored blocks indicate the clonal complex to which the ST belongs. NT,
nontypeable.
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included 19 colonizing and 9 invasive serotype IV ST459 strains from the United States.
Phylogenetic relationships were established using genome-wide SNP data (Fig. 2).
Consistent with the hypothesis of recent emergence, and despite the extended geograph-
ical range of the ST459 isolates that were compared (Ontario [Toronto], Minnesota, Penn-
sylvania, Georgia, and Texas), there were only 949 nonredundant polymorphic loci in the
ST459 collection analyzed here relative to the core genome of the reference strain. The four
ST459 colonizing isolates from metropolitan Toronto differed from the reference strain, on
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FIG 2 Phylogenetic relationships of colonizing and invasive serotype IV ST459 group B Streptococcus
isolates from metropolitan Toronto and regions of the United States. Neighbor-joining phylogenetic tree
based on 949 nonredundant SNP loci identified among all ST459 strains included in this study relative
to the reference core genome of strain NGBS061 (R) as well as among 18 previously reported invasive
serotype IV ST459 organisms isolated from patients with invasive disease in Canada. Triangles indicate
invasive strains, circles represent colonizing isolates, and colors represent the geographical location of
origin.
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average, by only 72 SNPs. The 19 colonizing isolates from Pennsylvania, Georgia, and Texas,
and the nine invasive strains from Minnesota differed from the reference, on average, by 56
and 57 SNPs, respectively. Except for some invasive strains from Minnesota and from
metropolitan Toronto, there was minimal clustering, and in general, colonizing ST459
strains were interspersed with the invasive isolates in the phylogenetic tree (Fig. 2).

Multiple episodes of recombination leading to capsule switching among col-
onizing GBS isolates from metropolitan Toronto. Among our collection of colonizing
GBS isolates from metropolitan Toronto, some serotypes were clearly associated with
specific CCs (Fig. 1). However, we observed several exceptions to these patterns. We
hypothesized that those “mismatches” resulted from recombination leading to capsular
switching. To investigate this hypothesis in more detail, we examined at the whole-
genome level six examples (see Table S2) of unusual serotype/MLST genotype associ-
ations.

One of the isolates was serotype II and belonged to ST196 (CC1), which is
commonly associated with serotype IV (27, 29). When we plotted polymorphisms
identified in the genome of this isolate relative to reference strain NGBS061 (ST459,
a single locus variant of ST196), we observed a nonrandom distribution of poly-
morphisms, with an overabundance of polymorphisms clustering in an area of the
genome surrounding the cps locus (Fig. 3A). Thus, the genome of this strain is, for
the most part, highly similar to that of serotype IV ST196 strains but differs at the
capsular locus. The strain possessed a cpsII locus, which likely was acquired from a
serotype II donor strain by recombination. To precisely define the recombination
area, we used BratNextGen, which identified a region of 294,875 bp that spans
across the cps locus (see Table S5). Similarly, we identified one serotype V strain
belonging to ST19. Strains of ST19 are commonly associated with serotype III GBS
(6). When we examined polymorphisms identified in the genome of this strain
relative to the genome of reference strain H002 (an ST19 serotype III vaginal isolate
from China) (33), we again found a distinct region of recombination around the
capsular locus (Fig. 3B). One ST7 strain was found to be serotype V. This strain also
had a distinct region of recombination, which included the cps locus, when poly-
morphism data were plotted against serotype Ia ST7 reference strain A909 (Fig. 3C).
BratNextGen was used to define precisely the extent of recombination (see Table
S5). Most of our colonizing ST1 strains from metropolitan Toronto were serotype V,
but we identified one strain each of serotypes Ib, II, and VI among the ST1
organisms. Genomic analysis showed that strains of serotypes Ib and II acquired
these capsule types by means of a single recombination event resulting in capsular
switch (Fig. 3D and E; see also Table S5). However, the serotype VI ST1 strain showed
a much more complex genomic organization (Fig. 3F). We are investigating in more
detail the events leading to these complex arrangements using a collection of
invasive and colonizing serotype VI strains (Neemuchwala et al., manuscript in
preparation).

Antibiotic susceptibility of colonizing GBS isolates. All of the 102 colonizing GBS
strains from metropolitan Toronto were sensitive to penicillin, ampicillin, and vanco-
mycin. None of the strains displayed high-level gentamicin resistance (HLGR). On the
other hand, only 11 strains were sensitive to tetracycline, erythromycin, and clindamy-
cin (Table 1; see also Tables S6 and S7 for antimicrobial resistance profiles by serotype
and ST, respectively). With the exception of serotype VI, we observed resistance to
tetracycline in each of the serotypes. A total of 89% of the colonizing isolates were
resistant to tetracycline. Resistance to erythromycin and clindamycin was observed in
36% and 25% of the isolates, respectively. Among the isolates that were sensitive to

FIG 3 Legend (Continued)
in light gray in the inner circles. Recombination events relative to the reference strain are shown in red in the second circles. MLST genes
are indicated in blue in the outermost circles. Mobile genetic elements defined in the reference strains are shown in dark gray.
Polymorphisms identified within these areas were excluded from the analysis. Pilus island loci are marked in black. The cps loci, bounded
by genes neuA and cpsA, are marked in purple.
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clindamycin, nine had inducible clindamycin resistance (Table 1), for an overall rate of
33% constitutive or inducible resistance to clindamycin. Erythromycin resistance was
found in all of the clonal complexes, but especially among ST1 and ST459. Consistently,
all serotype IV ST459 isolates from the United States, including the invasive strains from
Minnesota, were resistant to erythromycin and clindamycin (see Table S8).

DISCUSSION

Colonizing GBS isolates may act as reservoirs of serotype diversity, virulence factors,
and antibiotic resistance. Thus, defining the population structure of colonizing isolates
is key for understanding GBS disease. Using a combination of traditional typing tools
and whole-genome sequencing, we examined a collection of colonizing GBS isolates
recovered from pregnant women in metropolitan Toronto. Overall, the serotype dis-
tribution of GBS colonizing isolates closely mirrored the previously reported serotype
distribution of invasive GBS diseases in the area (34), although serotypes VII, VIII, and IX
were absent from the colonizing collection. The three most commonly identified
serotypes among the colonizing isolates were III, Ia, and V. A similar predominance of
serotypes III, Ia, and V has been observed among colonizing isolates in the United States
(15) and among invasive GBS strains in other Canadian geographies (34, 35). The
genetic diversity was relatively high. We identified more than 20 STs among the
colonizing isolates from metropolitan Toronto.

We identified resistance to several commonly used antimicrobials in a substantial
number of the GBS colonizing strains. The rates of GBS resistance to erythromycin and
clindamycin have been increasing in Canada and elsewhere in the world (22, 36). The
rate of macrolide resistance in colonizing GBS isolates in metropolitan Toronto was
most recently characterized in 1999, when 18% and 8% of isolates were resistant to
erythromycin and clindamycin, respectively (22). In our collection from 2014, resistance
to erythromycin was significantly higher at 36% (P � 0.004, chi-square test). The rate of
clindamycin resistance among the colonizing isolates was also significantly greater in
2014 (25%) (P � 0.001, chi-square test). The increasing resistances to macrolide and
lincosamide antibiotics compared to those in the same population in the 1990s reflects
the global trend of increasing resistance to these antibiotics (6, 22). On the other hand,
we did not observe decreased susceptibility to penicillin in any of the metropolitan
Toronto colonizing isolates. We also did not observe resistance to vancomycin or HLGR
among isolates. GBS isolates resistant to these two antimicrobials have recently been
reported in other geographies (37, 38).

Six GBS colonizing isolates were nontypeable by serology. Although these strains
may represent new serotypes, in most cases, the absence of reactions with capsular
antisera has been ascribed to mutations in the cps locus leading to the inactivation of
enzymes involved in capsular polysaccharide biosynthesis (39–41). In accordance with
this hypothesis, WGS analysis of nontypeable strains revealed the presence of muta-
tions in one or more genes of their respective cps loci. The identified mutations are
predicted in most cases to result in abolishment of capsule expression. Encapsulation

TABLE 1 Antibiotic susceptibility profiles of GBS colonizing isolates from metropolitan
Toronto

Antimicrobial drug

No. of isolates (%)a MIC (�g/ml)b

Resistant Susceptible MIC50 MIC90 Range

Tetracycline 91 (89) 11 (11) 32 64 0.25 to �64
Erythromycin 37 (36) 65 (64) 0.12 �8 �0.06 to �8
Clindamycin (constitutive) 25 (25) 77 (75) 0.12 �8 �0.06 to �8
Clindamycin (inducible) 34 (33) 68 (67) — — —
Penicillin 0 (0) 102 (100) 0.12 0.25 �0.06–0.25
Ampicillin 0 (0) 102 (100) 0.06 0.12 0.03–0.12
Vancomycin 0 (0) 102 (100) 0.5 0.5 0.25–0.5
aCutoff values of susceptibility and resistance as per CLSI guidelines. No strains of intermediate susceptibility
were identified.

bMIC50, MIC of 50% of the strains; MIC90, MIC of 90% of the strains. —, not available.
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is critical for invasive GBS disease but may be less important for carriage. In fact, it has
been suggested that unencapsulation may favor GBS colonization (42). During laboratory
routine typing and surveillance from 2009 to 2014, we typed 948 invasive GBS isolates
collected in metropolitan Toronto and identified 10 (1%) that were nontypeable by
serological methods (34, and our unpublished data). Thus, there is a significantly higher
percentage of nontypeable strains among colonizing isolates than among invasive isolates
in metropolitan Toronto (P � 0.002, chi-square test). We speculate that during long periods
of persistent colonization, GBS isolates may be more prone to exchange DNA laterally and
to accumulate mutations resulting in the loss of capsule expression.

It has long been described that among LOD isolates there is a disproportionate
number of “hypervirulent” serotype III ST17 strains (8, 11, 43). ST17 strains normally
express HvgA, a factor associated with increased adherence to epithelial cells and with
enhanced ability to cross the blood-brain barrier (44, 45). Our recent investigation of
invasive GBS in metropolitan Toronto identified that the majority (89%) of LOD sero-
type III isolates were hvgA gene positive (34). In contrast, a lower proportion (58%) of
the serotype III colonizing strains belonged to ST17. However, all of the colonizing ST17
serotype III isolates that we identified possessed the hvgA gene. Interestingly, this gene
has recently been described among serotype IV ST459 invasive GBS isolates from
Alberta, Canada (31). The emergence of serotype IV GBS as an agent of invasive disease,
particularly among adults, was first reported in the United States (27, 46) and later in
Canada (31, 34). Frequencies of less than 1% were common in the 1990s (46) but have
increased to 6 to 12% in populations studied between 2008 and 2015 (27, 29, 30, 47).
The emergence of serotype IV GBS among colonizing isolates has also been noticed in
the United States (28) and Europe (48). In this study, we found that serotype IV strains
accounted for 6% of the colonizing GBS isolates recovered in metropolitan Toronto.
This frequency of isolation is higher than the one described before 2000 in Canada (35)
and is consistent with the rate of isolation of serotype IV strains from invasive GBS
disease in metropolitan Toronto between 2009 and 2012 (34). It is also similar to the
frequencies of isolation of serotype IV GBS from invasive disease cases submitted to our
laboratories between 2013 and 2015 (our unpublished data). Most serotype IV carriage
strains belonged to ST459, a relatively recently described ST originally identified in the
United States (27, 28). Genome-wide SNP phylogenies demonstrated that colonizing
and invasive ST459 serotype IV GBS strains from metropolitan Toronto and the United
States are members of the same genetic pool and constitute a genetically highly
homogeneous group of organisms that continues to expand across North America.
However, unlike reports from Alberta, Canada (31), none of the ST459 organisms
included in our extended collection of colonizing and invasive ST459 serotype IV GBS
isolates from metropolitan Toronto and regions of the United States were hvgA
positive.

Capsular switching has been described in group B Streptococcus (7, 34, 47, 49) and
extensively studied in S. pneumoniae (50). In our collection, we observed five clear
examples of single recombinatorial events leading to capsule switching. Interestingly,
capsular switching occurred across multiple serotypes and among strains with dissimilar
genomic backgrounds. We speculate that multiserotype colonization of the urogenital tract
(51) and the persistence of colonization over many years in some patients (P. Ferrieri,
unpublished observations) may facilitate capsular switching by lateral exchange of DNA
among GBS colonizing strains. Implementing GBS vaccination using the trivalent conjugate
formulation may have profound effects on the community of colonizing GBS, as has been
exemplified by the emergence of vaccine escape variants after pneumococcal conjugate
vaccines were introduced (32, 52). As shown here, capsular switching occurred relatively
frequently among the colonizing isolates. The additional immunogenic pressure induced
by vaccination may further expand non-vaccine serotypes and/or select recombinant
vaccine escape variants in both colonizing and invasive GBS. Therefore, active surveillance
of GBS vaginal/rectal colonization and invasive disease and identification of serotypes is
critical in the pre- and postvaccine era.
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MATERIALS AND METHODS
Collection, growth conditions, and typing of GBS colonizing isolates. Nine out of 13 hospital

members of the Toronto Invasive Bacterial Diseases Network (53) recovered GBS isolates from consec-
utive vaginal/rectal swabs from pregnant women in metropolitan Toronto and Peel region (54). These 9
hospitals provide approximately 80% of obstetrical services in the geographical area. Samples were
collected between 1 November and 15 December 2014. Nineteen colonizing serotype IV ST459 isolates
and nine invasive serotype IV ST459 isolates from the United States collected between 2005 and 2014
were also included in this investigation (see Table S1 in the supplemental material). Strains were cultured
on Columbia agar plates containing 5% sheep blood and grown at 37°C with 5% CO2. Liquid cultures
were grown overnight in Todd-Hewitt broth supplemented with 0.2% yeast extract. DNA was prepared
from 10 ml of overnight liquid cultures using the Qiagen DNA minikit, following the manufacturers’
instructions for Gram-positive organisms (Qiagen, Toronto, Canada). PCR amplification of a 234-bp region
of the monocopy regulatory gene dltR, which is specific to GBS (55), was used to confirm the species
identification. Serotyping was performed at the National Microbiology Laboratory in Winnipeg, Mani-
toba, by latex agglutination, as previously described (56). Serotyping of the isolates from the United
States was performed as previously described, using monospecific rabbit antisera prepared in-house (57).
PCR capsular typing of nontypeable strains was performed using a multiplex PCR scheme (5). PCR
amplification of the CC17-associated virulence gene hvgA and MLST determinations were carried out as
previously described (34).

Antibiotic susceptibility testing. Susceptibility to ampicillin, penicillin, vancomycin, tetracycline,
clindamycin, and erythromycin was tested by agar dilution according to the Clinical and Laboratory
Standards Institute (CLSI) guidelines (58). To determine inducible clindamycin resistance, clindamycin
disks were placed on plates at 12 and 22 mm from a central erythromycin (15 �g) disk and incubated
overnight at 37°C in 5% CO2. Inducible resistance was indicated by the blunting of growth between
clindamycin and erythromycin disks and a lack of inhibition around the clindamycin disk. We defined
constitutive resistance as growth inhibition zones of �15 mm around both the clindamycin and
erythromycin disks (58). HLGR has recently been reported in GBS (37). In the absence of CLSI guidelines
for GBS, we followed the agar-dilution procedures described by Sendi et al. (37).

Whole-genome sequencing and bioinformatics analysis. Genomic libraries of selected strains
were prepared using Nextera XT kits (Illumina, San Diego, CA) and sequenced as paired-end reads (of 101
bp or 150 bp) on Illumina HiSeq 2500 or MiSeq instruments (Illumina). In all cases, quality scores, as
determined using Illumina onboard software, were �30 (data not shown). Onboard software was also
used to parse the multiplexed sequencing reads and remove barcode information (data not shown). The
average read depth across the genomes was 197� (see Table S2, which also lists Sequence Read Archive
accession numbers and assembly quality metrics for all genomes sequenced here). The genome
sequences of the following strains were used as references for genomic comparisons: strain NGBS061
(serotype IV, ST459, isolated in 2010 from a case of invasive GBS disease in Toronto and the only available
circularized ST459 genome), strain A909 (serotype Ia, ST7), strain H002 (serotype III, ST19) and strain
SGBS001 (serotype V, ST1) (GenBank accession numbers CP007631.2, CP000114.1, CP011329.1, and
CP010867.1, respectively). Polymorphisms were identified relative to the reference genomes using the
variant ascertainment algorithm VAAL (59). Whole-genome SNP-based phylogenies were established as
follows. A matrix file containing the genotype of all strains at each polymorphic locus was created from
the VAAL polymorphism output data using a custom script. For each individual strain, SNPs were then
concatenated in order of occurrence relative to the genome of the reference strain and converted to a
multiFASTA sequence. Neighbor-joining phylogenetic trees (1,000 bootstrap replications) were then
generated with SplitsTree4 (60). The A5 pipeline (61) run with default parameters was used for de novo
assembly of Illumina sequenced GBS strains. Recombination was assessed with BratNextGen (62) using
20 replicates and 100 iterations with a significance cutoff of 0.05. Genome visualizations were created
using the BLAST ring image generator (BRIG) (63) and edited using Adobe Illustrator.

Accession number(s). The sequences described were submitted to the Sequence Read Archive
under the accession numbers SRR4414138 to SRR4414182.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
JCM.01615-16.

TEXT S1, PDF file, 0.3 MB.
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